Abstract-In this paper a miniaturized dual wideband bandpass filter is designed by the modified extended composite right/left-handed transmission line (ECRLH-TL) under balanced conditions in each right/left-hand passbands. A novel equivalent circuit is proposed to provide the design and an implementation of ECRLH unit-cell by means of the complementary, split ring resonator (CSRR) on the ground plane. Since CSRR is utilized as an alternative to implementing one of the resonators of ECRLH unit-cell, the size and complexity of the structure can be consequently reduced. An example of a dual band pass filter with 3 dB frequency bands from 3.2 to 4.8 GHz and from 6 to 7 GHz is investigated. There is a good agreement among circuit, electromagnetic simulations and measured results in both passbands. The measured insertion loss is better than 0.5 and 1 dB in first and second bands central frequency, respectively. The group delay which is an important factor in wideband communications is about 0.62 ns and 0.71 ns, respectively, in the first and second band central frequencies. The final dimensions of the miniaturized filter are reduced to 8.88 mm × 8.18 mm.
INTRODUCTION
In recent years, there has been great interest in wireless communication application operating at multiband frequencies, and miniaturization has become an important design issue. For this purpose, multiband filters play an important role in size reduction of devices used in multiband wireless telecommunication systems. Various methods have been introduced to design a dual band pass filter till now. A simple method is to use two band pass filters in the cascade, which increase the size of the filter and result in a bulky structure in microstrip [1] . Dual-mode dual-band filters were introduced later that use different resonating modes of a resonator to realize dual bands. Meander loop resonator [2] , stepped impedance resonator [3, 4] , and microstrip open loop resonator [5] are used as multi-mode resonators in this type of filters. Recently, metamaterial based composite right/left-handed (CRLH) transmission line has introduced a new method for designing and miniaturizing multiband microwave devices due to its unique phase response [6] . Moreover, CRLH transmission line is utilized in designing a single wideband bandpass filter [7] [8] [9] [10] . For instance, in [11] and [12] an ultra-wideband bandpass filter is achieved by adopting the concept of balanced CRLH-TL to obtain a single band pass filter without any gap between right-and left-handed passbands. Extended composite right/left-handed (ECRLH) transmission lines are extended form of the CRLH transmission lines and can provide two wide bandpass frequency range under a balanced condition in each closed right/left-handed bands, so it can be utilized in designing dual wideband bandpass filters. The idea of such metamaterial transmission lines is proposed in [13] and [14] by combining the conventional CRLH (C-CRLH) and dual CRLH (D-CRLH) unitcell introduced in [15] . For the implementation of an ECRLH transmission line, various design procedures and layouts are proposed in different papers. In [16] a dual band pass filter is designed using a T model equivalent circuit and implemented in microstrip utilizing chip capacitors to realize capacitors in horizontal branch, whereas in [17] [18] [19] a dual band pass filter is designed and implemented in a fully planar configuration by CPW, microstrip and SIW technology.
To decrease the size of the structure, recently defected ground structures (DGS) have been used in various shapes for filter applications [20, 21] . This paper proposes a CSRR based structure for the realization of an ECRLH transmission line to make a compact ECRLH unit cell which is utilized in the design of a dual wideband bandpass filter. The final results indicate that the group delay has good performance in both frequency bands which is required in wideband applications to keep the pulse distortion minimum. The paper is organized as follows. In Section 2, equivalent circuit and design procedure are discussed. Section 3 sheds light on the parameter extraction method utilized to get dimensions of each section. Section 4 presents the final layout of the filter. Simulated and measured results are compared in this section. Finally, in Section 4 the paper ends with conclusions.
DESIGN PROCEDURE
The equivalent circuit diagram and the proposed layout of a modified ECRLH unit-cell used here for realizing a dual band pass filter are shown in Fig. 1 and Fig. 2 , respectively. It is derived from the modified Π equivalent circuit introduced in [22] with some extra modifications. The single C hp /L hp resonator of DCRLH part of the unit-cell in Fig. 1(a) is divided into two parts by C/C c /L c resonator which models CSRR on the ground plane [23] . As will be presented in the next section, the advantage of the proposed circuit model is the reduction of the overall length of the cell since all resonators of the DCRLH part can be determined by CSRR on the ground plane and interdigital capacitor with a short narrow microstrip line on top of it which decreases the complexity of fabrication. In our previous paper [24] , the same equivalent circuit is introduced with a distinct procedure to solve it for quad-band applications. However, in this work the equivalent circuit is solved for dual-band application using a different procedure for solving equations. At the first step, the modified Π equivalent circuit ( Fig. 1(a) ) is designed for the dual-band filter applications. By using the values obtained for elements L hs , C hs , L hp , C hp , C vp and L vp as initial values of the equivalent circuit elements in Fig. 1(b) , in the second step our proposed equivalent circuit can be designed by means of optimization algorithms. At the beginning of optimization, arbitrary initial values can be chosen for elements C, C c and L c .
The Blotch analysis of the unit-cell depicted in Fig. 1 (a) leads to the propagation constant and approximated Blotch impedance (βd 1) as:
In which D is given in 
By substituting q in the dispersion Equation (1), the following equation will be derived
in which A is a new parameter. It is desired to solve the above equation at four arbitrary frequencies, f 1 , f 2 , f 3 and f 4 . To do this, the equation should be expanded and coefficients equated to the coefficients of
Therefore, the first four elements' values can be easily obtained as follows
where a 1 , a 2 and ω 2 vp are
Using 4C hs L hp = L vp C vs as a close stopped band condition the final four elements are obtained as
where
To design a dual band pass filter, at four cutoff band pass frequencies (f 1 , f 2 , f 3 and f 4 ), βd will equal ±π, and the Blotch impedance will be set to the port impedance. By using eight equations, the circuit values will be calculated. Once the elements' values of the equivalent circuit in Fig. 1(a) are found, the initial elements' values of our proposed circuit are chosen by setting arbitrary initial values for elements C, C c and L c and equating other elements to the common elements' values derived by solving the equations. At the end, all elements' values will be optimized around their initial ones to obtain the final results.
In this work, two examples of dual wideband bandpass filter with the first 3 dB frequency band defined from 3.2 to 4.8 GHz and the second frequency band from 6 to 7 GHz are designed. Table 1 . Fig. 3 indicates the dispersion diagram and S parameters of these two filter design circuits simulated in ADS schematic part. Table 1 . Elements values of two filter design. 
PARAMETER EXTRACTION
The structure of the proposed layout depicted in Fig. 2 is designed on a substrate of Rogers4003 with thickness h = 1.524 mm and electric constant ε r = 3.55. L hp and C hp are realized by an interdigital capacitor with a narrow strip. L hs and C hs are implemented by a meander inducer and an interdigital capacitor. L vp and C vp are achieved by a stub connected to the ground by vias, and CSRR etched on the ground plane realizes C, C c and L c . To find the dimensions of the layout, each part is simulated individually in HFSS, and their parameters are extracted using the method in [25] for CSRR and the procedure introduced in [26] for other parts.
Interdigital Capacitor
Neglecting the parasitic elements of an interdigital capacitor, its main capacitance can be easily calculated from the following equation using Y parameters. Fig. 4 shows how the digits width and length affect the final value of the capacitance. Undoubtedly, the capacitance value varies with frequency, and less variation leads to more accurate results.
Stub Inducer
The inductance and capacitance of a stub connected to ground can be easily extracted utilizing Z parameters from the equations below. extracted in various lengths and widths.
Meander Line
Meander lines usually are utilized when there is a need for big inductance with less space for implementation. The inductance of meander line can also be extracted from Y parameters using the equation below. We neglect the parasitic element due to its small value. Fig. 6 indicates the extracted inductance for various lengths and widths of the meander line.
l m3 l m1 l m2 Figure 6 . Inductance of meander line extracted using the parameter extraction method with different width and length.
FABRICATION RESULTS
All dimensions of the tentative layout are calculated separately, and finally, after accumulating all elements, an optimization is done to obtain the final values. The optimization procedure includes two steps. The first step is to tune the resonators' dimensions in predefined ranges and compare the frequency response to that of electrical circuit. When the approximate dimensions of the layout are found, the final dimensions that best fit the requirements will be achieved using the optimization tool in HFSS. The frequency responses of filter obtained from measurements, electromagnetic, and circuit simulations are depicted in Fig. 7 . The discrepancies in the S 11 parameter between the circuit and electromagnetic simulations are related to parasitic elements omitted in circuit simulation for simplicity. Totally good agreement between EM simulations and measurements is observed, and the slight degradations are due to fabrication tolerance. Return loss larger than 16.5 dB and insertion loss less than 0.5 dB with FBW of 40% are achieved at the first passband center frequency of 4 GHz. Similarly, the measured return loss, insertion loss, and FBW at the second passband center frequency of 6.5 GHz are given as 15.6 dB, 0.9 dB, and 15.38%, respectively. Furthermore, the group delay of the filter is illustrated in Fig. 8 . It is about 0.62 ns and 0.71 ns in centers of the first and second bands, respectively, and almost constant in both bands. A photographs of the fabricated dual-band filter is shown in Fig. 9 . The filter size excluding the feed lines is 8.88 mm × 8.18 mm. The filter's dimensions are decreased in comparison to pervious works. In Table 2 , the results are compared with other works in details. 
CONCLUSIONS
In this paper, a novel dual wideband bandpass filter is designed, simulated and measured based on CSRR loaded on the ground plane, resulting in size reduction of the structure. The equivalent circuit is derived, and the elements' values are calculated for dual-band applications using an optimization method. The first tentative layout's dimensions are obtained by means of parameter extraction, and lastly an optimization is done to get final dimensions. The advantages of the proposed filter are its wide bandwidth in both frequency bands, reduction of its size and complexity, and fully planar implementation.
